PURPOSE. To investigate subfoveal choroidal thickness and ocular-and systemic-associated factors in a population-based cohort of children.
E nhanced depth imaging spectral-domain optical coherence tomography (EDI-SD-OCT) 1 has enabled noninvasive visualization and quantitative assessment of the choroid. Measurement of the choroidal thickness has been shown to be clinically relevant in diseases such as central serous chorioretinopathy 2 and Vogt-Koyanagi-Harada disease 3 (associated with thicker choroids), as well as myopia, [4] [5] [6] diabetic retinopathy, 7 and AMD 8 (associated with thinner choroids). In adults, subfoveal choroidal thickness also associates with age, 1, 9, 10 refraction, 9, 10 axial length, 9, 10 sex, [10] [11] [12] [13] time of day, 14 and systolic blood pressure. 14 Age, myopic refractive error, and axial length 1, 9, 10 are the most frequently and consistently observed associations with decreasing choroidal thickness in healthy adults. A tipping point for the age-related attenuation of the subfoveal choroid has been reported at 30 years in one study 15 and at 60 years in another study. 16 Studies of choroidal thickness in children have found conflicting results. Thus, a study of 54 healthy Korean children found a decrease in subfoveal choroidal thickness with age, but no significant correlation between choroidal thickness and axial length or refraction. 17 A study of 194 emmetropic Australian children found an increase in choroidal thickness from 4 to 6 years to 7 to 9 years of age, but little difference between 7 to 9 years and 10 to 12 years. 18 Another recent study reported thinner choroid in myopic children, especially at the central fovea region. 19 In combination, age, refractive error, and axial length account for only a minor proportion of the variation in choroidal thickness in children, suggesting that other factors may be involved. [17] [18] [19] [20] The purpose of this report was to describe subfoveal choroidal thickness and its ocular and systemic associations with height, weight, body mass index, and pubertal development in a cohort of 11-to 12-year-old children.
METHODS Subjects
The Copenhagen Child Cohort 2000 Eye Study is a prospective, population-based, observational study, the baseline examination of which was an appendix to the 11-year follow-up of the Copenhagen Child Cohort 2000 study (CCC2000, formerly known as the Copenhagen County Child Cohort 21 ), a prospective longitudinal study of child mental health, comprising a basic study population of the 6090 children born in the year 2000 in 16 selected municipalities in the Copenhagen County. The CCC2000 is representative of the Danish population. 22 Of the 1632 children who attended face-to-face mental health assessment in the core study at age 11 to 12 years, 1406 children (86.2%) and their parents or legal guardians volunteered for the child to participate in the supplementary eye study. Exclusion criteria included previous eye trauma (n ¼ 9), congenital malformation of the eye (n ¼ 1), corrected visual acuity less than 80 Early Treatment Diabetic Retinopathy Study (ETDRS) letters at 4-m distance (Snellen 0.8; n ¼ 14), missing axial length measures (n ¼ 11), missing or poor quality EDI-SD-OCT scans (n ¼ 13), and an inability to cooperate during the eye examination (n ¼ 35). This led to 83 children being excluded from the analysis. Only right eyes were included. The study was approved by the local medical ethics committee and performed in accordance with the Declaration of Helsinki. Informed consent was obtained from children's parents or legal guardians prior to examinations.
All participants were asked about current and previous ophthalmic disease or disorder and treatments. Past medical history and information about current medication use were obtained from the parents. Height without shoes was measured using a metal column height-measuring stand (Height Measuring Rod 5003; Soehnle Professional GmbH & Co., Backnang, Germany) to the nearest 0.1 cm. Weight was measured using an electronic scale (Exact/personal scale 6295; OBH Nordica Denmark A/S, Taastrup, Denmark) to the nearest 0.1 kg. Puberty stage was assessed by presentation to the child of diagrams showing the Tanner stages 1 through 4 and asking the child to point out which diagram best illustrated the child's stage of physical development. Arterial blood pressure was measured after 5 minutes of rest in the seated position using an automated sphygmomanometer (Omron HEM 705 LP; Omron Healthcare, Inc., Kyoto, Japan) with a cuff dimensioned for children. Two separate measurements were obtained and their average was calculated and used for analysis. Height, weight, Tanner stage, and blood pressure were obtained before the ophthalmic examination.
The study design gave priority to representativity and recruitment over cycloplegia, based on the rationale that administration of eye drops would reduce and skew recruitment and that information about axial length can substitute, to some extent, for information that would otherwise have to be obtained by cycloplegic refractioning. Visual acuity and bestcorrected visual acuity were determined using ETDRS charts and an abbreviated refraction protocol where refractioning was pursued only until the participant saw 80 ETDRS letters or better. Noncycloplegic objective refraction measured by an automated refractometer (Retinomax K-plus 2; Right MFG Co., Ltd., Tokyo, Japan) was used to guide refractioning. Ocular axial length and anterior chamber depth were measured using an interferometry-based instrument (IOL-Master, version 3.01.0294; Carl Zeiss Meditec, La Jolla, CA) and calculated as the average of at least five and three scans, respectively. Multipeaked biometric measurements were repeated until multipeaked features had disappeared or, if they did not, the data were omitted from analysis.
The posterior segment of the eye was imaged using EDI-SD-OCT (Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany). Eye tracking and automated real-time averaging features were used. Two fovea-centered scan protocols were used, one with seven horizontal lines within a 58 3 308 rectangle and the second with a 4-line radial scans at 308. Each aligned line scan represents the average of 25 B-scans. The grader chose the horizontal line scan believed to best represent the foveal center as judged from the presence of a pronounced foveal center specular reflex and the deepest foveal depres-sion. Subfoveal choroidal thickness was then measured using the instrument manufacturer's software (Heidelberg Eye Explorer, version 1.6.1.0; Heidelberg Engineering). The segmentation line depicting the inner limiting membrane was moved manually to the choroidoscleral border by an experienced operator (XQL). Intergrader variability has previously been assessed 11 and was not measured again in the current study. When a suprachoroidal space was visible, the segmentation line was fitted to the border between the suprachoroidal space and the sclera. Scans with a signal-to-noise ratio poorer than 25 dB were rejected. The choroidoscleral boarder was visible and subfoveal choroidal thickness measurable in all 1323 children included in this study.
Statistical analyses were made using SAS software (ver. 9.2; SAS Institute, Cary, NC). Means and SDs were calculated for continuous variables and medians and interquartile ranges for skewed distributions. Comparisons between sexes were made using two-tailed Student's t-tests or v 2 tests (Tanner stages). Association between choroidal thickness and parameters were assessed using a general linear model. Tanner stages were entered as ordinal data. Age was calculated in days but in results presented in years. Axial length, anterior chamber depth, spherical equivalent refractive error, visual acuity, height, weight, body mass index, systolic, and diastolic blood pressure were included as continuous variables. Spherical equivalent refraction was calculated as the algebraic sum of the value of the sphere and half the cylinder. Tests for interactions with sex were performed by adding the cross product to the model. The assumptions of linearity, variance homogeneity, and normality of the distribution of residuals underlying the statistical model were assessed by display of relevant plots and reviewed by a statistical consultant. Multivariate regression analysis was performed including parameters that were significantly associated with subfoveal choroidal thickness in the univariate analyses. The level of statistical significance was set to P less than 0.05, and estimates presented with 95% confidence intervals (95% CI).
RESULTS
The criteria for inclusion in analysis were met by 1323 children (52.2% girls, 47.8% boys; Table 1 ). Girls and boys were of comparable age (P ¼ 0.88; Table 1 ). Mean best-corrected visual acuity was 89 6 3 ETDRS letters for both girls and boys (Snellen equivalent 1.2) and noncycloplegic spherical equivalent refraction was comparable (0.1 6 0.8 D; P ¼ 0.60; Table  1 ). The girls were significantly taller than boys, with a mean height of 152.5 6 7.4 cm for girls compared with 151.4 6 7.5 cm for boys (P ¼ 0.011), but girls had a shorter mean axial length of 22.9 6 0.7 mm compared with 23.5 6 0.7 mm in boys (P < 0.0001), and a shallower anterior chamber of 3.47 6 0.2 mm vs. 3.56 6 0.2 mm (P < 0.0001; Table 1 ). Tanner stages were available in 1274 children. More girls than boys had entered puberty, 26 out of 663 girls (3.9%) being in Tanner stage 4 compared with 7 out of 611 boys (1.1 %; Table 1 ). Mean weight, body mass index, and systolic and diastolic blood pressure were comparable in girls and boys.
Mean subfoveal choroidal thickness was 369 6 80.8 (range, 164-650) lm in girls, which was significantly thicker than in boys, who had a mean subfoveal choroidal thickness of 348 6 72.1 (range, 164-586) lm (P < 0.0001; Table 1 ). Subfoveal choroidal thickness decreased with increasing axial length (P < 0.0001; Table 2 ; Fig. 1 ) and with increasing anterior chamber depth (P ¼ 0.047), and increased with increasing hyperopic spherical equivalent refraction (P < 0.0001) and with age (P ¼ 0.046; Table 2 ).
When controlling for axial length and age there was no significant difference in subfoveal choroidal thickness between girls and boys (P ¼ 0.14; Table 2 ). The association between choroidal thickness and anterior chamber depth flipped to a deeper anterior chamber being associated with a thicker subfoveal choroid (28.9 [95% CI 8.9-48.8] lm/mm; P ¼ 0.0046) after adjusting for age, sex, and axial length ( Table 2) . Adjusting for age and sex did not affect the association between axial length and subfoveal choroidal thickness, which decreased by 27.2 lm/mm increase in axial length (95% CI 32.7-21.7 lm/mm; P < 0.0001) and subfoveal choroidal thickness remained associated with age when controlling for sex and axial length (P ¼ 0.019; Table 2 ). The association between refraction and subfoveal choroidal thickness remained significant when controlling for axial length, age, and sex (6.8 [95% CI 1.1-12.5] lm/D; P ¼ 0.020; Table 2 ).
The effect of height, weight, and Tanner stages on choroidal thickness differed between sexes with interaction terms of P ¼ 0.0086, P ¼ 0.016, P ¼ 0.057, respectively. Girls in Tanner stage 4 had 54.2 lm thicker subfoveal choroids compared with the In the multivariate analysis stratified on sex including all significant associated factors, subfoveal choroidal thickness in girls remained significantly associated with height (20.0 [95% CI 8.9-31.2] lm/10 cm; P ¼ 0.0005; Table 3 ), while there was only a tendency for thicker subfoveal choroids in girls in Tanner stage 4 compared with Tanner stage 1 (P ¼ 0.055; Table  3 ). Age and weight showed no independent effect on subfoveal choroidal thickness (P > 0.05). Axial length remained significantly associated with subfoveal choroidal thickness in the multivariate analysis in both girls and boys (P < 0.0001; Table 3 ). A deeper anterior chamber was associated with a thicker subfoveal choroid only in boys (P ¼ 0.0032; Table 3 ). Higher hyperopic refractive error was associated with a thicker subfoveal choroid only in girls (P ¼ 0.0030; Table 3 ).
Subfoveal choroidal thickness was not associated with bestcorrected visual acuity, systolic or diastolic blood pressure or body mass index in any of the models ( Table 2 ).
DISCUSSION
In this population-based cohort of 11-and 12-year-old children, mean subfoveal choroidal thickness was thicker in girls than in boys, but the difference was not significant when controlling for axial length, which was strongly associated with subfoveal choroidal thickness in both sexes. More advanced puberty development and increasing body height were associated with thicker subfoveal choroid in girls but not in boys, of whom few had reached the more advanced puberty stages.
The present study is, to the best of our knowledge, the largest population-based cohort of children examined with EDI-SD-OCT and assessed for subfoveal choroidal thickness. The manual segmentation technique used in this study may in time be superseded by automated methods for choroidal thickness measurement, 23 but currently there is no established ulterior method and no better reference than visual evaluation by a human grader. Subfoveal choroidal thickness in the current study was graded by a single observer with prior experience to promote uniformity of the grading process and avoidance of learning curve effects. High intra-observer and interobserver reproducibility has been shown in a populationbased study of subfoveal choroidal thickness in 3233 Chinese adults. 24 Limitations of this study include lack of cycloplegic refractioning and absence of IOP data. Cycloplegic drops were avoided to optimize recruitment for the eye study, which was 86.2% of the cohort attending the core CCC2000 Study examination in 2011 to 2012. Pubertal development was assessed by self-reporting, which may be considered a reasonably accurate method despite a potential for underestimation at later stages of maturation. 25 Finally, no conclusion about causality can be made because of the cross-sectional design of this baseline examination data analysis.
Both the mean and the variation of subfoveal choroidal thickness found in the present study are in good agreement with previous studies of choroidal thickness in children. [17] [18] [19] [20] We found a strong association of axial length with subfoveal choroidal thickness, the latter decreasing with increasing axial length as in previous studies in children 18 and young adults. 11 Also in line with previous studies 9,10 we found increasing hyperopic refraction error to be associated with increasing choroidal thickness. The association was still present when including axial length in the analysis. The association between anterior chamber depth and choroidal thickness was inverted when adjusting for axial length. It should be noted that because we did not induce cycloplegia, accommodation of FIGURE 1. Subfoveal choroidal thickness as a function of axial length in girls (red circles) and boys (blue triangles). Regression line (b ¼ À28.5 lm/mm axial length; 95% CI À33.7 to À23.2 lm; P < 0.0001; black) is displayed with 95% CI. undocumented amplitude may have affected the associations between refraction and anterior chamber depth.
Differences in choroidal thickness between women and men have previously been reported, men having a thicker choroid than women. [10] [11] [12] [13] In healthy university students, we found thicker choroids in men than in women for the same ocular axial length. 11 In the present study of prepubertal children and children, some of whom recently entered puberty, we did not find a significant difference in choroidal thickness between boys and girls after adjusting for the effect of axial length, a discrepancy that appears to be explained by earlier onset of puberty in girls.
In girls, choroidal thickness increased with the stage of pubertal development and with height and weight. When including all variables, only height remained significantly associated. The three factors are biologically interconnected because puberty is accompanied by a growth spurt with large increases in height and weight. 26 Consequently, height may have been a better measure of pubertal development in the present study than the self-reported Tanner stage. The ideal parameter to describe puberty may indeed be the rate of increase in height around the time of the examination, a parameter that we have not recorded. The most likely reason that we saw no effect of height, weight, or pubertal development in boys is that the boys were lagging behind the girls in pubertal development. Pubertal growth acceleration occurs roughly 2-years earlier in girls than in boys, peaking for girls around the age of 11 to 12 years of age. 27, 28 Studies of older children, where both sexes have entered or completed puberty, are necessary to find out if choroidal thickness is also related to puberty in boys. The later onset but longer duration and larger growth amplitude of puberty in boys 26 may explain why men have thicker subfoveal choroids than women. [10] [11] [12] [13] Despite the narrow age range in the current study, we found that subfoveal choroidal thickness increased with age before including height in the analyses. Cross-sectional studies 15, 17, 20 with a broader age distribution but smaller numbers of children have reported a decrease in subfoveal choroidal thickness with age, while a study of 194 emmetropic Australian children aged 4 to 12 years 18 found an age-related increase in choroidal thickness. Our study suggests that discrepancies in rates of change in choroidal thickness with age in different studies of children may be explained by confounding effects of puberty.
Our data indicate that the choroid may grow to increasing thickness during puberty despite the eye undergoing axial elongation. Recent longitudinal studies in children and adolescents have reported concomitant pubertal growth spurting and axial length elongation, with variation between girls and boys in the time of onset and magnitude of change. 28, 29 These observations suggest that the pubertal growth spurt and growth hormone surge may modulate myopia progression. 28 The earlier termination of puberty in women may explain which myopia, which is strongly related to having a thin choroid, 4-6 is more prevalent in women than in men in some population-based studies, [30] [31] [32] though not in all. 33, 34 Myopia has indeed been reported to progress faster in young girls 35 and to be associated with early menarche in Indian women 36 and with body height in Singaporean girls. 37 The results of the present study indicate the existence of a relationship between height, pubertal development, and subfoveal choroidal thickness in girls aged 11 to 12 years. A follow-up study of boys who have entered puberty is necessary to determine if the same associations are present in boys.
Animal studies indicate that the choroid is actively involved in the emmetropization process. [38] [39] [40] Using mathematical modeling of the ocular development in children aged 10 to 15 years, it has been shown that myopic children have a thinner choroid that expected for a given axial length. 19 A popular model of emmetropization describes the choroid as a source of growth factors and a regulator of the access of growth factors secreted by the retina or RPE to the sclera. [38] [39] [40] Obviously, the role of the choroid in the development of myopia can best be investigated in longitudinal studies.
In conclusion, this study identified an effect of height and pubertal development on choroidal thickness in girls in a cohort of prepubescent and early pubescent 11-and 12-yearold children. The strong association between axial length and choroidal thickness found in adults was also present in these children. The impact of choroidal thickness on the development of myopia in children should be investigated in longitudinal studies. The results of the current study indicate that difference in stature and puberty development between the two sexes should be considered in studies of myopia in children. 
